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1 Literature Review 
1.1 General Introduction 
This review aims to summarise past and current scientific literature concerning the 
phytopathogenic oomycete Phytophthora cinnamomi, its biological mechanisms of plant 
infection along with associated symptoms of disease. Also explored are current options for 
disease management in particular the use of phosphite as an anti-oomycete agent. Lastly, 
the rapidly advancing field of nanotechnology carries the potential to moderate the 
negative impact P. cinnamomi has on agricultural crops, shining the spotlight on a 
naturally occurring, biodegradable compound known as Nanoclay. The possibility of 
Nanoclay replacing phytotoxic chemicals in the role of slow-release surfactant in 
agrochemical formulations is discussed.  
 
Given that the human population is steadily on the rise, so is the ever-increasing demand 
for essential resources including that of food. A substantial portion of the world’s food 
supplies are derived from agricultural crops, and it is predicted that a 100 -110% increase 
in global crop production must be achieved from 2005 to 2050 (Tilman et al. 2011) in 
order to feed the global population. Population growth and consumption growth both 
continue and according to Godfray et al. (2010), the global demand for food will increase 
for at least 40 more years. Ever-increasing competition for the globe’s resources such as 
land, water and energy in addition to overuse of fisheries has had an impact on our ability 
to produce sufficient amounts of food for growing populations (Godfray et al. 2010). To 
place the issue of global food security into perspective, within the next 35 years, 
agricultural productivity will have to increase as much as it has in the past 10,000 years in 
order to meet the growing demand of the world’s population (El-Sharkawy 2016). In spite 
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of all this, phytopathogenic organisms continue to ravage agricultural crops causing yield 
losses that cannot be afforded. Consequently, the challenge of global food security forces 
the development of novel agrochemical delivery methods in order to prevent further yield 
losses.  
 
1.2 Phytophthora cinnamomi 
Existing methods of improving agricultural crop yield and quality include conventional 
breeding wherein plant variants are crossbred in order to obtain desirable qualities in the 
offspring, such as improved photosynthetic capacity (Bhatt & Rao 1981; Nasyrov 1978; 
Nasyrov 1981). Although improving the photosynthetic rates of plants is widely confirmed 
to increase crop yield (He et al. 2016; Yamori et al. 2016; Zhao et al. 2016; Zhu et al. 
2012), methods offering protection to agricultural crops from abiotic and biotic stressors 
are of equal importance. For example, the oomycete P. cinnamomi is a phytopathogenic 
organism that causes a disease known as Root Rot in horticulturally important crops such 
as avocado (Persea americana), macadamia (Macadamia integrifolia) and pineapple 
(Ananas comosus) and in Australia has single-handedly caused large scale loss of 
biodiversity (Allardyce, Rookes & Cahill 2012). An estimated 10-15% of crop yields are 
lost due to fungal and oomycete pathogens despite the continued release of resistant 
cultivars created through selective breeding (Anderson et al. 2016). The disease that P. 
cinnamomi causes has been identified as a key threatening process in the Australian 
environment, causing major disruption of plant community composition, structure and 
function (Cahill et al. 2008). P. cinnamomi was first identified when it was found to be the 
causal agent of stripe canker of cinnamon (Cinnamomum burmannii) in Sumatra (Rands 
1922), and since then has been found to cause plant disease on a global scale.  
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P. cinnamomi is prevalent throughout the majority of western Europe where it is the 
causal agent of ink disease of chestnut (Castanea sativa) from the Mediterranean through 
to northern Scotland (Vettraino et al. 2005). It is also prevalent throughout South-east Asia 
and is responsible for disease in cinchona (Cinchona spp.), cinnamon and pineapple in 
Malaysia, Indonesia and Vietnam, respectively (Drenth & Guest 2004). The soil-borne 
root pathogen ravaging agriculturally significant plant species is one of the most widely 
distributed Phytophthora species exhibiting a diverse host range of  more than 3,500 
species of plant (Adrienne & Leila 2010). It is likely that the host range of P. cinnamomi 
will continue to expand, as the number of known susceptible species to the oomycete 
pathogen has steadily risen over the course of time since its first identification (Islam, 
Rookes & Cahill 2017).  
 
1.3 Biology of P. cinnamomi & Symptoms of Disease 
P. cinnamomi was once widely considered to reside in the kingdom Fungi however 
more recently it has been defined as an oomycete pathogen classified in the kingdom 
Chromista and are evolutionarily more closely related to biflagellate, golden-brown algae 
than they are to Fungi (Latijnhouwers, de Wit & Govers 2003). In its vegetative state, P. 
cinnamomi exists both on and within infected plant roots as well as in soil as mycelium 
(five to ten micrometres in diameter). In warm, wet conditions these mycelia produce 
sporangia (20 – 50 µm in diameter) on the host plant’s root surface which undergo 
cytoplasmic cleavage in order to produce motile, biflagellate zoospores (~10 µm in length) 
(Hardham et al. 1994). These motile zoospores are considered to be the primary infectious 
agent of P. cinnamomi (Hardham 2001). In the circumstance of less favourable conditions, 
the hyphae of the oomycete pathogen will predominantly produce chlamydospores, larger 
spores that can survive for extended periods of time (years) until favourable conditions 
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emerge and chlamydospores germinate to produce mycelia which in turn can yield 
sporangia and subsequently zoospores (Hardham 2005). The asexual phase of reproduction 
is the most common process of proliferation for the oomycete however it is a heterothallic 
organism possessing both an A1 and A2 mating type, which when in contact with each 
other, will initiate the sexual phase of reproduction (Aberton 2002). The sexual phase 
occurs much less frequently than the asexual phase, largely due to the relative abundance 
of the A2 mating type while the A1 mating type remains more restricted in distribution 
(Cahill et al. 2008). The sexual phase results in the formation of oogonia and antheridia, 
or the female and the male reproductive structures containing haploid female and haploid 
male gametes, respectively. When the female gamete known as an oosphere is fertilised 
by the male gamete an oospore is formed, which is a highly resistant spore capable of 
germinating and forming hyphae from which sporangia may form in order to produce and 
release zoospores subsequently infecting plant root tissue, hence continuing its life cycle. 
The lifecycle of P. cinnamomi is outlined in Figure 1 below.  
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Figure 1.1: Diagrammatical representation of the life cycle of P. cinnamomi 
adapted from (Hardham 2005).  
Zoospores are chemotactically attracted toward the feeder roots of susceptible plant 
species and upon root contact undergo a process known as encystment whereby the 
zoospore loses its two flagella and secretes a glycoprotein adhesive that fixes the spore to 
the root surface and finally develops a cellulose wall. The newly formed cyst will 
germinate approximately 30 minutes after encystment to form germ tubes which burrow 
their way in between the epidermal cells effectively penetrating the epidermal cell layer 
(Hardham 2007). When encystment occurs on the root of a susceptible plant species, the 
hyphae of P. cinnamomi continue to grow and tunnel their way through the root tissue and 
lower stem areas of the plant, causing necrosis of these tissues resulting in a strangulation 
of water and nutrient supply ultimately leading to complete plant death (Hardham 2007). 
Although complete plant death is a likely outcome for a susceptible plant following P. 
cinnamomi infection, it is not always a quick death and so the presence of the pathogen 
may not be realised until long after the infestation of any given area. There are symptoms 
of infection that are visible to the eye ranging from chlorosis and browning of leaves, to 
stem lesions to crown and canopy collapse, however the most obvious symptoms are 
usually not observed until it is too late as they exist beneath ground level in the form of 
dark brown-coloured root lesions colloquially known as ‘root rot’ (Weste & Marks 1987).   
 
1.4 Management of Disease & Use of Phosphite  
Due to large scale loss of biodiversity resulting from the disease that P. cinnamomi 
causes, many efforts have been made in an attempt to control the disease. As there is no 
apparent cure for the disease, past efforts have been focussed on restricting the spread of 
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the pathogen as well as damage mitigation. Apart from the pathogen spreading passively 
through moist soil systems via root-to-root infection of plants and actively via water runoff, 
the majority of accountability for the spread of disease caused by P. cinnamomi resides 
with anthropogenic activity. Proceedings such as mining, Timber-harvesting, gravel 
removal for road making/earthworks, tourism and human/vehicle traffic through infested 
terrain are all major causes of spread of P. cinnamomi throughout natural ecosystems 
(Cahill et al. 2002). Focussing on hygiene and in an attempt to restrict the pathogen to a 
single area, especially in mining applications, wash-down stations have been erected on-
site however little research has been done to determine the effectiveness of hygiene as a 
disease management measure (Dell, Hardy & Vear 2005; O'Gara et al. 2006). Closing off 
roads and tracks in affected areas is the chief means by which vehicles and humans are 
prevented from acting as disease vectors, protecting uninfected areas. Public awareness 
has been a focus of the past with signs, pamphlets and information boards providing 
recreational users of threatened areas with relevant knowledge regarding the pathogen 
(Cahill et al. 2002). Identification of plant species that are resistant to P. cinnamomi 
infection and subsequent breeding of these species has been explored by Cahill, Bennett 
and McComb (1993) for control of the pathogen, with promising results (P. cinnamomi-
resistant clones developed) however the program was not funded to a further stage. The 
aforementioned Phytophthora management options exist as the backbone of P. cinnamomi 
disease control however the last four decades have seen a significant shift in research 
interest regarding the use of phosphite in attempts to control the pathogen, because 
preventing or restricting access to roads, tracks and other affected areas is generally 
unpopular with the public and thus politicians (Cahill et al. 2002; Gunning et al. 2013; 
Hardy, Barrett & Shearer 2001).  
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Phosphite is an anionic inorganic molecule with chemical formula [O3P
-3] and has 
consistently demonstrated ability to inhibit P. cinnamomi growth in both in vitro and in 
planta studies. In planta studies have however shown that the effectiveness of phosphite 
treatment in P. cinnamomi control is not only dependant on the quantity of phosphite 
delivered to plants, but also on the susceptibility of plant species to the root rot (Shearer et 
al. 2007). It has also been verified that phosphite, whilst effective against the pathogen 
may induce phytotoxicity in plants; the magnitude of which varies between plant species 
and can be lethal (Aberton, Wilson & Cahill 1999). However, phosphite is a biodegradable 
compound and serves as the best chemical control method for oomycete pathogen 
infestation without disrupting the balance of a given ecosystem.  
 
1.5 Nanotechnology & Nanoclay 
Nanoscience has long been a research area of immense interest to the scientific 
community, however it is not until recently that nanoscience and plant science have 
crossed paths (Nadiminti et al. 2013; Wang et al. 2016). The National Nanotechnology 
Initiative (NNI) based in the United States have stated that “nanotechnology is the 
understanding and control of matter at dimensions between approximately 1 and 100 
nanometres, where unique phenomena enable novel applications” (Adams & Barbante 
2013). Routine agricultural practices rely heavily on the use of surfactants to deliver 
pesticides and herbicides to crops which are toxic to humans and harmful to the 
environment. Certain nanomaterials may be utilised in lieu of damaging surfactants, as 
Nadiminti et al. (2016) demonstrates by effectively delivering the auxin herbicide 2,4-
dichlorophenoxyacetic acid (2,4-D) to plant leaves via nanostructured liquid crystalline 
particles. Concerning the notion of a novel agrochemical delivery system in plants, Sun et 
al. (2018) has conclusively shown that nanoparticles are able to be loaded with 
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phytohormones and subsequently used to deliver phytohormones to plants for a controlled 
release. Secondly, application of exogenous ABA via nanoparticle delivery was shown to 
improve drought stress tolerance and markedly prolong the expression of the ABA-
inducible marker gene (AtGALK2) in Arabidopsis thaliana plants when compared to 
application of free ABA only, further confirming the slow release aspect of the 
nanomaterial.  
The Layered Double Hydroxide Clay Nanosheet (LDH nanoparticle or Clay 
nanosheet) holds much promise as a safe yet effective agrochemical delivery system for 
plants. LDH nanoparticles are composed of positively charged hydroxide sheets with 
interlayers of charge-balancing anions, and co-intercalated water (Bao et al. 2016). LDH 
materials occur naturally as a result of precipitation in saline water bodies or through the 
weathering of basalts (Mitter et al. 2017). LDH nanosheets are a family of inorganic 
layered materials, with a general formulation which can be expressed as: [(M2+(1 – x) 
M3+x(OH)2)
x+ . (Am-x/m . nH2O)
x-], where most divalent and trivalent metal cations can be 
used (M2+ and M3+), and any kind of anion (Am-) (Xu et al. 2006). It has been shown that 
nanoclay sheets can be loaded with negatively charged dsRNA specific to virus resistance 
in plants, and then applied to the leaf surface overcoming the challenges presented with 
naked dsRNA as well as exhibiting a controlled release of the dsRNA; the LDH-dsRNA 
complex remained on the leaf surface for up to 30 days post-application (Mitter et al. 
2017). It has also been shown that positively charged nanoclay sheets demonstrate a high 
adsorptive capacity for negatively charged biomolecules, including fluorescent dyes such 
as tetramethyl rhodamine isothiocyanate (TRITC) and fluorescein isothiocyanate isomer 
(FITC), forming neutral LDH conjugates (Bao et al. 2016). It was also found that these 
neutral LDH conjugates could transport the bound fluorescent dye into the cytosol of intact 
plant cells efficiently (Bao et al. 2016). Furthermore, it has been proven that LDH 
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nanoparticles may be gradually broken down into a biocompatible residue (Mg2+, Al(OH)3 
& NO3
-) due to atmospheric CO2 and moisture; as a result, any pre-loaded agrochemicals 
are released slowly into the surrounding environment from the LDH complex (Mitter et al. 
2017). For the purposes of soil fertilisation, Bernardo et al. (2018) demonstrated the 
controlled release of phosphate [PO4]
-3 from LDH nanoparticle structures and found that 
the release of phosphate into water from [Mg-Al-PO4]-LDH continued over a 10-fold 
longer period of time when compared to release from [KH2PO4] alone. The LDH 
nanoparticle presents itself as an alternative to traditional surfactant constituents of 
agrochemical spray treatments, which are well established as causative agents of 
phytotoxicity in crop plants and agroecosystems  (Castro, Ojeda & Cirelli 2014a; Krogh 
et al. 2003; Ying 2006). 
 
1.6 Research Aims 
In light of the potential utility of the layered double hydroxide nanosheet particle, it is 
evident that its possible function as an agrochemical delivery vehicle must be explored in 
order to develop novel methods of agrochemical application to plants.  
The research conducted throughout the formation of this thesis aims to: 
i. Observe plant-pathogen interactions between L. angustifolius and P. cinnamomi 
as well as the effects of sodium phosphite on the observed plant-pathogen 
interactions.  
ii. Explore the effects of LDH nanoparticles in conjunction with sodium phosphite 
[Na2HPO3
-] on P. cinnamomi infection and disease progression in L. angustifolius 
plants. The research aims to observe plant-pathogen interactions between L. 
angustifolius and P. cinnamomi as well as the effects of LDH nanoparticles and a 
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novel compound; an LDH-phosphite conjugate, on the observed plant-pathogen 
interactions. 
It is expected that the research aims will be achieved via utilisation of a soil-free plant 
growth system to facilitate analysis of and comparison between plant groups infected with 
P. cinnamomi and subjected to foliage spray-application of solutions of sodium phosphite, 
Nanoclay and phosphite-loaded Nanoclay.  
2 Materials & Methods 
2.1 Preparation of Murashige and Skoog (MS) media plates 
Combined reagents (appendix 6.1) and allowed to stir via magnetic stirrer for at least five 
minutes prior to pH adjustment. Adjusted pH to 5.7 (1M KH2PO4 to reduce pH & 1M 
K2HPO4 to increase pH). Following autoclave sterilisation at 121 ºC for 30 minutes, 
allowed to cool slightly before pouring ~20 mL into 90 mm sterile plastic petri plates. 
Poured the plates inside a laminar flow unit after sterilising the inside of the unit by 
covering all inner surfaces with ethanol 80% (v/v) and wiping down with paper towel, then 
repeating.  
 
2.2 Surface sterilisation of Arabidopsis thaliana seeds 
Performed all work inside a laminar flow unit after sterilising the inside of the unit by 
covering all inner surfaces with ethanol 80% (v/v) and wiping down with paper towel, then 
repeating. Filled ~10% of a 1.5 mL centrifuge tube with A. thaliana ecotype Col-O seeds 
obtained from Lehle seeds (Round Rock, Texas, USA). Added one millilitre sterilisation 
solution (appendix 6.2), gently inverted tube for five minutes in order to clean seeds. Used 
tabletop mini-centrifuge to centrifuge the 1.5 mL tube for ~20 seconds. Used micropipette 
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(Eppendorf South Pacific, North Ryde, NSW, AUS) to draw out as much supernatant as 
possible, being careful to avoid seeds. Added one millilitre sterile distilled H2O (dH2O) 
(autoclaved), gently inverted for ~10 seconds, centrifuged for ~20 seconds, used 
micropipette to remove supernatant. Repeated dH2O wash step two more times. After third 
wash, removed supernatant and added one millilitre bacteriological agar 0.3% (w/v) 
(appendix 6.3) (autoclaved and allowed to cool prior to use), flicked tube gently to suspend 
A. thaliana seeds in bacteriological agar.  
2.3 A. thaliana seed MS plating procedure 
To plate previously surface-sterilised A. thaliana seeds:  
Performed all work inside a laminar flow unit after sterilising the inside of the unit by 
covering all inner surfaces with ethanol 80% (v/v) and wiping down with paper towel, then 
repeating. Drew ~400 µL of A. thaliana seed/bacteriological agar suspension using a 1000 
µL micropipette, detached pipette tip and used it to dispense individual drops of seed 
suspension. Dispensed one individual seed at a time by gently and briefly making contact 
between the pipette tip and the MS media surface, allowing one seed to be dispensed from 
the pipette tip and stick to the media. Dispensed approximately 50 seeds per MS plate, 
with an even distribution. Double-sealed each plate with paraffin film before vernalising 
plates for two to three days at four degrees Celsius. Transferred vernalised plates to a plant 
growth cabinet (Model No. TPG-2x450-TO, Thermoline Scientific Equipment, 
Smithfield, NSW, AUS) at 21 ºC with a 10hr/14hr light/dark photoperiod at an average 
photosynthetic photon flux density of 90 µmol m-2 s-1.  
 
2.4 Transfer of sterile A. thaliana seedlings from MS plate media to 
soil in pots 
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Placed six to seven small plastic pots (~15cm diameter each) into a larger plastic tub(s) 
just large enough to accommodate the plastic pots. Filled and packed each pot with potting 
mix (Potmate Premium Potting Mix, Debco, Tyabb, VIC, Australia) to the brim. Used rear-
end of forceps to create five equidistant holes in the surface of the soil in each pot, 
approximately one centimetre deep & one centimetre in diameter. The soil on the surface 
of each pot was moistened with dH2O from a squeeze bottle. Using forceps, removed a 
single A. thaliana seedling from the MS media plate very gently. Placed the root(s) of the 
seedling into one of the holes and used forceps as well as dH2O from a squeeze bottle to 
gently cause the soil immediately surrounding the hole and seedling to cave in and loosely 
cover the root of the plant. Used a gentle stream of dH2O from a squeeze bottle to rinse 
any soil from the leaves of the seedlings. Repeated the above until all five holes in all 
plastic pots had a single seedling planted. Poured one litre of tap water into each large 
plastic tub so that the bottoms of all plastic pots were submerged. Throughout procedure, 
used a spray bottle to finely mist seedlings (both those in pots and still on MS plates) with 
dH2O in order to prevent them from drying out. When complete, gave seedlings a final 
misting with dH2O before placing the clear, transparent lid(s) on top of the large plastic 
tub(s). Transferred large plastic tub(s) to a plant growth cabinet at 21 ºC with a 10hr/14hr 
light/dark photoperiod at an average photosynthetic photon flux density of 90 µmol m-2 s-
1. After one to two days, gave plants another fine misting with dH2O and removed the 
clear, transparent lid(s) from the plastic tub(s) permanently. Covered bottom of large 
plastic tub(s) with one litre of tap water every two to three days. 
 
2.5 A. thaliana mesophyll protoplast isolation 
The A. thaliana mesophyll protoplast isolation protocol followed is the one described by 
(Yoo, Cho & Sheen 2007). Briefly, using forceps and a scalpel removed true leaves 
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number five through to seven, from three to four week old A. thaliana plants. Harvested 
ten leaves per experimental repeat, ensuring a clean cut and minimising wounding. Stacked 
leaves two to three-high and used a scalpel/razor blade to slice them into several 0.5 – 1 
mm wide strips, being gentle with the leaves and discarding/replacing blade as soon as 
blunting is apparent, in order to avoid wounding the leaves. Transferred the freshly cut leaf 
strips (ten leaves worth) to a 45 mm glass petri dish containing five millilitres enzyme 
solution (appendix 6.4). Ensured that all leaf strips were completely submerged in enzyme 
solution and were as evenly distributed as possible. Sealed glass petri dish with paraffin 
film and wrapped in aluminium foil (for darkness) and allowed to react for 12 – 18 hours. 
Following overnight enzyme digestion, placed an eight-high stack of small cut squares of 
Miracloth (Calbiochem, La Jolla, CA, USA) over the top of a sterile 50 mL centrifuge 
tube, then pushed down into the centrifuge tube to create a concave bowl shape through 
which solution could be filtered. Used a pipette to add five millilitres of W5 solution 
(appendix 6.5) to glass petri dish containing A. thaliana leaf strips and enzyme solution, 
then gently swirled. Rinsed Miracloth in centrifuge tube with small amount (~ one 
millilitre) of W5 solution before pouring entire contents of glass petri dish into the sterile 
50 mL centrifuge tube, being filtered through the Miracloth. Rinsed Miracloth with small 
amount (~ one millilitre) of W5 solution before removing and disposing of Miracloth. 
Capped 50 mL centrifuge tube and centrifuged at 100 rcf for two minutes, before removing 
as much supernatant as possible without disturbing pellet of protoplasts. Gently swirled 
the 50 mL centrifuge tube to resuspend the protoplast pellet in the remaining solution 
present in the tube before placing on ice for 30 minutes. After this time, A. thaliana 
mesophyll protoplasts were resuspended in W5 or MMg solution (appendix 6.6) 
(depending on intended use) at desired concentration [(1 – 2) x 106 Cells/mL]. 
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2.6 A. thaliana mesophyll protoplast - Nanoclay toxicity assay 
Performed all work inside of a fume-hood. For Nanoclay solutions; combined reagents in 
sterile 15 mL centrifuge tubes and subjected them to sonication for ~30 minutes to ensure 
maximal dissolution. Using a micropipette, transferred a 60 µL aliquot of A. thaliana 
mesophyll protoplasts in MMg solution (previously prepared, 1.36 X 106 cells/mL) onto a 
cavity slide, slowly lowered a glass cover slip over the top, and immediately placed on 
microscope stage for microscopy (see 2.7). This image series served as the control for this 
experiment. Using a micropipette, transferred a 30 µL aliquot of the same A. thaliana 
mesophyll protoplasts in MMg solution onto a cavity slide and then transferred an equal 
volume of Nanoclay solution 2% (w/v) (appendix 6.7) onto the same cavity slide, being 
sure to dispense the solution slowly so as not to inadvertently damage the protoplasts. 
Slowly lowered a glass cover slip over the top, immediately placed on microscope stage 
for microscopy (see 2.7). Repeated the previous step with Nanoclay solution 1% (w/v) 
instead of Nanoclay solution 2% (w/v). Repeated the previous step with Nanoclay solution 
0.2% (w/V) instead of Nanoclay solution 1% (w/v). Repeated the previous step with 
Nanoclay solution 0.1% (w/v) instead of Nanoclay solution 0.2% (w/v). 
 
2.7 Bright field microscopy 
Performed all microscopy on an AXIO Imager M2 (Zeiss, Gottingen, Germany) bifocal 
compound light microscope. After focussing an image of A. thaliana mesophyll 
protoplasts under phase contrast bright field view at 400X magnification, captured images 
in a time series (every 30 seconds, for 15 continuous minutes). This image series served 
as the control for this experiment. Microscopy parameters were kept consistent for 
subsequent imaging of A. thaliana mesophyll protoplast and Nanoclay solutions.  
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2.8 Subculturing of P. cinnamomi 
Calcium carbonate (CaCO3) was combined with V8 juice (appendix 6.8) and stirred for 90 
minutes via magnetic stirrer. The mixture was then clarified by centrifugation at 1500 rcf 
for five minutes. The resulting supernatant was filtered within a funnel through filter paper 
(Whatman No. 1, Kent, England). 100 mL of filtered supernatant was combined with 900 
mL dH2O and 15 g bacteriological agar before autoclaving the mixture at 121 ºC for 30 
minutes. Allowed to cool slightly before pouring ~20 mL into 90 mm sterile plastic petri 
plates inside a laminar flow unit after sterilising the inside of the unit by covering all inner 
surfaces with ethanol 80% (v/v) and wiping down with paper towel, then repeating. 
Performed all work hereafter inside a laminar flow unit after thoroughly sterilising as 
aforementioned. Used a dry glass bead steriliser to sterilise a metal five millimetre cork 
borer and sharp tweezers at 250 ºC. Using metal cork borer, made individual mycelium 
plugs of P. cinnamomi Rands (Isolate DU67, Deakin University Culture Collection) by 
punching holes in the agar around the outer-most edge of hyphal growth. This is the isolate 
used throughout the entire study. Used sharp tweezers to pierce a single P. cinnamomi 
mycelium plug and transferred it to the centre of a new 10% CV8 media plate. Mycelium 
plug must be transferred to new 10% CV8 media plate with the hyphal growth face down 
(making direct contact with 10% CV8 media). Sealed sub-cultured plates with paraffin 
film. 
 
2.9 P. cinnamomi & Na2HPO3 toxicity range plate assay 
Prepared 10% CV8 media plates as described in 2.8. Performed all work inside a laminar 
flow unit after sterilising the inside of the unit by covering all inner surfaces with ethanol 
80% (v/v) and wiping down with paper towel, then repeating. For stock solutions, 
combined reagents (appendix 6.9, 6.11) and gently agitated to dissolve before using a 
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micropipette to transfer required aliquots to sterile 15 mL centrifuge tubes in order to create 
dilution solutions (appendix 6.10, 6.12). Transferred required aliquots of sterile dH2O to 
the respective tubes in the same manner. Used a metal hole punch to create >100 filter 
paper discs 0.5 cm in diameter out of a larger piece of filter paper, lightly wrapped them 
in foil and autoclaved at 121 ºC for 30 minutes. Soaked five sterile filter paper discs in 
each dilution solution of sodium phosphite and a control tube of sterile dH2O for a 
minimum of 30 minutes before using heat-sterilised metal forceps to transfer to 45 mm 
sterile glass petri dishes (one for each solution) and being placed into an incubator oven at 
40 ºC for 90 minutes for drying. Following the method described in 2.8, transferred a total 
of 60 individual P. cinnamomi mycelium agar plugs onto as many 10% CV8 media plates. 
Instead of transferring P. cinnamomi agar plugs to the centre of the media plates, used a 
small metal ruler and permanent marker to make a mark (on the underside of the petri dish) 
exactly 2.5 cm from the edge of the plate, on every plate, and transferred P. cinnamomi 
agar plugs to these marked areas. In the same manner as previously described, a mark was 
made exactly 1.5 cm from the edge of each P. cinnamomi agar plug towards the centre of 
the media plate. Used heat-sterilised metal forceps to transfer one dried sodium phosphite-
containing filter paper disc to the marked location 1.5 cm away from each P. cinnamomi 
agar plug. Repeated this for all filter paper discs from each respective sodium phosphite 
solution and dH2O control. The last five media plates containing P. cinnamomi agar plugs 
were left as they were to serve as untreated controls. This gave five biological replicates 
for each of the ten sodium phosphite treatments, five biological replicates for dH2O 
control, and five biological replicates of an untreated control. All plates were sealed with 
paraffin film before being placed in a dark incubator at 24 ºC. Plates were removed from 
incubator in order to record data; photographs of the media plates were taken and 
measurements of P. cinnamomi mycelium growth were made by hand with a small metal 
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ruler under careful eye observation. P. cinnamomi mycelium growth was categorised as 
“parallel to/towards sodium phosphite” and “perpendicular to/away from sodium 
phosphite”, and the growth was measured and recorded as such. Data was recorded once 
every 24 hours for five consecutive days beginning on the third day after subculturing P. 
cinnamomi to media plates with sodium phosphite-containing filter paper discs.  
 
 
2.10 P. cinnamomi, Na2HPO3, NC, & NC(HPO3) toxicity range plate 
assay 
Prepared 10% CV8 media plates as described in 2.8. Prepared sodium phosphite stock 
solution (appendix 6.11), sodium phosphite dilution solutions (appendix 6.13) and sterile 
filter paper discs as described in 2.9. For Nanoclay solutions (appendix 6.14) and 
phosphite-loaded Nanoclay solutions (appendix 6.15), all work was performed inside a 
fume-hood. Reagents were combined, and all solutions underwent sonication for ~30 
minutes. The remainder of this experiment was carried out as described in 2.9 with the 
following changes: a total of 55 10% CV8 media plates were used instead of 60 giving 
five biological replicates for each of the three sodium phosphite treatments, five biological 
replicates for each of the three Nanoclay treatments, five biological replicates for each of 
the three phosphite-loaded Nanoclay treatments, five biological replicates for dH2O 
control, and five biological replicates of an untreated control. Data was categorised and 
recorded in the same manner as described in 2.9. Data was recorded on the third day after 
subculturing to treatment plates, and on the sixth day after subculturing to treatment plates.  
 
2.11 Soil-free Plant growth System assembly 
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The Soil-free Plant growth System used is the one described by (Gunning & Cahill 2009). 
Briefly; the SPS is composed of a two-part polycarbonate tray (200 mm X 200 mm) where 
the back panel is flat whilst the front panel has a 45º bend in it 25 mm from the top. There 
is a five millimetre spacer present either side of the interior face of the front panel to 
maintain a growth space. The two panels were held together using two ‘fold back’ clips 
(Tudor brand, PaperlinX, Preston, Australia), which unclipped to separate the panels and 
allow access to the plant root system. The two-part tray was held in a vertical position in 
a base container, by a holding rack, both constructed of polycarbonate. Pre-cut filter papers 
(200 mm X 200 mm) were adhered to both the front panel and back panel of each two-part 
tray by pre-soaking in dH2O. Four trays constituted a stand-alone system for ease of 
handling and separation of plant treatments. Each SPS unit was filled with one litre dH2O, 
500 µL Total Horticultural Concentrate A (Excel Distributors, Reservoir, Australia) & 500 
µL Total Horticultural Concentrate B (Excel Distributors, Reservoir, Australia). 
 
2.12 Lupinus angustifolius seed surface sterilisation 
A 250 mL beaker was filled with L. angustifolius var. Wonga seeds (Naracoorte seeds, 
Naracoorte, South Australia) (~500 seeds) and they were transferred to a one litre glass 
beaker. Washed the seeds in ethanol 70% (v/v) for ~30 seconds before decanting the 
ethanol and rinsing seeds in dH2O for ~30 seconds before decanting. Washed seeds in 
sodium hypochlorite 2% (v/v) for ~2 minutes before decanting solution. Proceeded to rinse 
seeds with dH2O five to seven times for ~30 seconds each rinse, in order to remove any 
trace of sodium hypochlorite. All of the previously described washing/rinsing steps were 
performed with enough solution/dH2O to substantially cover the seeds. 
 
2.13 L. angustifolius seed germination and transfer to SPS trays 
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Following sterilisation as described in 2.12, a medium sized (60 cm X 25 cm) plastic tub 
was wiped down with ethanol 80% (v/v) and then rinsed with dH2O two to three times. 
Four to five layers of paper towel were placed along the bottom of the plastic tub and 
subsequently wet with dH2O. Surface-sterilised L. angustifolius seeds were gently poured 
out from a glass beaker onto the wet paper towel within the plastic tub and evenly 
distributed, then enough dH2O was added to the plastic tub so that the majority of seeds 
had their bottom half submerged whilst the top half was uncovered by water. The plastic 
tub was then covered twice with aluminium foil and transferred to a plant growth cabinet 
at 21 ºC for three days. Every 24 hours during the three day period the water was topped 
up in the plastic tub if needed. After three days ~50% of seeds will be at an acceptable 
stage of growth for transfer to SPS trays. Used large, broad tipped metal forceps to transfer 
12 L .angustifolius seeds into each SPS tray with the taproot of each seed facing 
downwards. Seeds were selected based on the length of their taproot and were selected in 
such a manner that each SPS tray would contain an approximately even distribution of 
seeds with shorter-than-average, average, and longer-than-average tap root lengths. Once 
all SPS trays were filled, SPS units were returned to a plant growth cabinet (Model No. 
PG.15.18.9.TD.5x600HPS.R, Thermoline Scientific Equipment, Smithfield, NSW, AUS) 
at 21 ºC with a 14hr/10hr light/dark photoperiod at an average photosynthetic photon flux 
density of 280 µmol m-2 s-1. 
 
2.14 Spray-application treatment of L. angustifolius plant foliage 
with sodium phosphite solution, Nanoclay solution & phosphite-
loaded Nanoclay solution 
The spray treatment protocol followed is similar to the one described by (Gunning et al. 
2013). Reagents for each solution (appendix 6.16, 6.17, 6.18) were combined in their 
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respective 30 mL spray bottles, before shaking vigorously for ~10 seconds. The Nanoclay 
solution 2% (w/v) and the phosphite-loaded Nanoclay solution 2% (w/v) were also 
sonicated for 30 minutes prior to use. SPS units containing seven-day-old L. angustifolius 
plants were transferred from a plant growth cabinet to a laboratory bench. SPS trays 
containing plants to undergo spray treatment were removed from SPS boxes and laid flat 
on the bench. Long strips of paraffin film (200 mm X 50 mm) were cut and placed between 
the foliage of the plants and the wet filter paper of the back panel of the SPS tray; this was 
done to prevent any solution being absorbed and translocated throughout the filter paper 
during spray-application of solutions. Placed SPS trays containing plants to be treated, up-
side down, into large plastic tubs and transferred these tubs into a fume-hood. Within the 
fume-hood, spray-applied each solution to the foliage of plants one treatment at a time. 
Sprayed the entire contents of each spray bottle containing solution as evenly as possible 
across the foliage of plants to be treated such that run off would occur and collect in the 
plastic tub(s). Plants were allowed to dry for 15 minutes before removing the long strips 
of paraffin film, returning the front panel of each SPS tray to its corresponding back panel 
and clipping them together before returning them to their respective SPS boxes. SPS units 
containing newly treated plants were returned to a plant growth cabinet at the previous 
growth conditions. Plants that had undergone spray treatment were allowed at least 24 
hours in between spray treatment and inoculation by P. cinnamomi zoospores. 
 
2.15 Preparation of Miracloth for zoospore production 
Miracloth was cut into eight centimetre-diameter circles and the discs were placed into a 
beaker under running tap water for 20 minutes. They were then transferred to boiling water 
for ten minutes before being returned to the beaker under running dH2O for ten minutes. 
The boiling/rinsing procedure was repeated three times to ensure the pores of the cloth had 
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fully expanded. The Miracloth circles were then transferred to 90 mm glass petri plates 
(maximum of 18 circles per plate) and covered with 20 mL dH2O. The glass petri plates 
were wrapped in two layers of aluminium foil and autoclaved at 121 ºC for 30 minutes.  
 
 
 
 
 
2.16 P. cinnamomi zoospore production 
The method followed is the one described by (Byrt & Grant 1979). Briefly, prepared 10% 
CV8 media plates as described in 2.8. For 5% CV8 broth (appendix 6.19); calcium 
carbonate (CaCO3) was combined with V8 juice and stirred for 90 minutes via magnetic 
stirrer. The mixture was then clarified by centrifugation at 1500 rcf for five minutes. The 
resulting supernatant was filtered within a funnel through filter paper. 50 mL of filtered 
supernatant was combined with 950 mL dH2O before autoclaving the mixture at 121 ºC 
for 30 minutes, and subsequently storing at four degrees Celsius until required. For MSS 
(appendix 6.20); combined reagents and allowed to stir via magnetic stirrer over gentle 
heat (~50 ºC) for 30 minutes prior to sterilisation via autoclave at 121 ºC for 30 minutes. 
Allowed to cool to room temperature before the addition of one millilitre sterilised chelated 
iron solution (appendix 6.21). For chelated iron solution; EDTA disodium salt and iron 
sulphate heptahydrate were dissolved in 50 mL sterile dH2O (autoclaved) over gentle heat 
(~50 ºC). Once cooled to room temperature, added potassium hydroxide to the solution 
and allowed to dissolve before passing the solution through a 0.45 µm, 25 mm syringe 
filter for sterilisation. Solution was stored at four degrees Celsius until required. Zoospores 
were produced by subculturing five plates of P. cinnamomi as described in 2.8 and 
incubating them in the dark at 24 ºC for 3 days. All work hereafter was performed inside 
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a laminar flow unit after sterilising the inside of the unit by covering all inner surfaces with 
ethanol 80% (v/v) and wiping down with paper towel, then repeating. Using heat-sterilised 
metal forceps the previously prepared Miracloth discs were placed on five 10% CV8 agar 
media plates (one per plate) and air bubbles were smoothed out. A total of seven individual 
P. cinnamomi mycelium agar plugs were transferred from three-day-old plates onto each 
of the five Miracloth media plates with an even distribution, and these plates were 
incubated in the dark at 24 ºC for five to eight days. Following this period of time, P. 
cinnamomi mycelium agar plugs were removed from the Miracloth plates using heat-
sterilised metal forceps, and the Miracloth circles themselves were transferred from 10% 
CV8 agar plates into autoclaved 250 mL conical flasks each containing 100 mL 5% CV8 
broth (one Miracloth circle per conical flask). Conical flasks were sealed with aluminium 
foil and placed on an orbital shaker at 115 rpm under three, 30 watt fluorescent light bulbs 
(average photosynthetic photon flux density of 25 µmol m-2 s-1) for 16 – 22 hours at 24 ºC. 
Following this period, the 5% CV8 broth was decanted from conical flasks and the 
Miracloth was washed three times with 100 mL MSS at 15 minute intervals. Following the 
MSS washing procedure each conical flask was filled with 100 mL MSS and again 
incubated on an orbital shaker at 115 rpm under three, 30 watt fluorescent light bulbs 
(average photosynthetic photon flux density of 25 µmol m-2 s-1) at 24 ºC for 20 – 24 hours. 
After this incubation period, the MSS was decanted from conical flasks and each Miracloth 
circle was washed with 50 mL MSS for 15 minutes, before decanting MSS again and 
transferring each Miracloth circle to a separate, sterile plastic petri plate containing ~20 
mL pre-chilled sterile dH2O. The pre-chilled sterile dH2O was decanted from each petri 
dish and replaced with another ~20 mL aliquot of pre-chilled sterile dH2O. Petri dishes 
were then sealed with paraffin film and incubated at four degrees Celsius for one hour. 
After this incubation period, plastic petri dishes were transferred to the lab bench at room 
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temperature and were monitored every ~20 minutes for zoospore release by light 
microscope (Olympus, Tokyo, Japan) at 40X magnification. 
 
2.17 Density determination of P. cinnamomi zoospores 
In order to determine the approximate number of zoospores present per millilitre of 
zoospore suspension, the zoospore suspension from one petri dish containing Miracloth 
was transferred to a sterile 50 ml centrifuge tube and allowed to settle for 15 minutes. 
Using a micropipette, one millilitre of zoospore suspension (taken from the surface of the 
suspension as this is where the zoospores aggregate) was transferred to a 1.5 mL centrifuge 
tube and vortexed for 60 seconds to induce zoospore encystment. The 1.5 mL centrifuge 
tube was inverted two to three times by hand before a 10 µL aliquot of vortexed zoospore 
suspension was transferred onto each grid of a bright line haemocytometer. The number 
of zoospores present on the counting grids were counted under light microscope 
observation at 100X magnification. A mean average number of zoospores per counting 
grid was determined and from this the number of zoospores per millilitre of suspension 
could be determined. Utilising C1V1 = C2V2, a new zoospore suspension was created with 
a zoospore density of 1 X 104 zoospores/mL by transferring an aliquot of the original 
zoospore suspension to a sterile 15 mL centrifuge tube as well as an aliquot of sterile dH2O. 
The new zoospore suspension was allowed to settle for 15 minutes before being utilised as 
the inoculum for plant inoculation.  
 
2.18 L. angustifolius inoculation by P. cinnamomi zoospores 
The plant inoculation procedure followed is similar to the one described by (Islam, Rookes 
& Cahill 2017). Briefly, SPS units containing L. angustifolius plants that had been treated 
as described in 2.14 were transferred from a plant growth cabinet to a laboratory bench, 
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and all SPS trays containing plants to be inoculated were removed from SPS boxes and 
laid flat on the bench. The SPS trays were unclipped and opened up to reveal the roots of 
eight-day-old plants. Using a water-proof black pen, the roots were all lightly marked 1.5 
cm from the root tip to denote the area to be inoculated. A small piece of paraffin film was 
placed underneath the marked region of each root, and a 20 µL aliquot of previously 
prepared zoospore inoculum was transferred using a micropipette directly onto the marked 
region of each root. After inoculation, the front panel of each SPS tray was kept across the 
plants to maintain a humid environment for the plant roots in order to prevent them from 
drying out. The SPS trays were left in this manner on the bench for one hour to facilitate 
zoospore encystment before removing and disposing of all pieces of paraffin film and 
replacing the front panel of each SPS tray. SPS trays were clipped together and returned 
to their respective SPS boxes; the SPS units were then transferred back to a plant growth 
cabinet at previous growth conditions. 
 
2.19 Nanoclay synthesis and characterisation  
Nanoclay particles were synthesised by Dr. Sharma (Life & Environmental Sciences, 
Deakin University, Australia) according to a coprecipitation method (Ram Reddy et al. 
2006). Synthesis of MgAl-LDH clay described briefly: The mixture of Mg(NO3)2.6H2O 
(3 M) and Al(NO3)3.9H2O (1 M) in 150 mL of methanol was added dropwise into 200 mL 
(methanol) of alkaline solution consisting of NaOH (1.6 M) and Na2CO3 (0.1 M) under 
vigorous stirring. After complete addition, the mixture was refluxed at 80 ºC for 24 hours. 
The solution was cooled down and precipitates were collected through vacuum filtration 
and washed thrice with distilled water. The resultant LDH clay was calcinated at 100 ºC 
in a hot air oven for 16 hours. Synthesis of HPO3 -loaded MgAl-LDH clay described 
briefly: MgAl-LDH clay and Na2HPO3 are mixed in a 1:3 ratio in ethanol (150 mL) and 
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solution was refluxed at 60 ºC for 24 hours. The resultant precipitates were filtered and 
washed twice with ethanol and once with water to remove unbound Na2HPO3. The 
precipitates were dried at 100 ºC in a hot air oven for 16 hours. Characterisation of 
Nanoclay particles was performed by Dr. Nadiminti (Life & Environmental Sciences, 
Deakin University, Australia). Figure 2.1 (below) is an X-ray diffraction graph.   
 
Figure 2.1: X-ray diffraction data. XRD measurements were performed on a Philips 
X'pert Powder diffractometer using Cu Kα X-rays (λ = 1.54056 A) operating with at a 
voltage of 40 kV and current of 30 mA. The diffraction data was collected in the 2θ range 
of 5° to 90°. The phase peaks are indexed using the reference data published in 
International Centre for Diffraction Data (ICDD) database (nano-clay: 00-062-0583).  
The morphology of Nanoclay was investigated via Transmission Electron Microscopy 
(TEM) analysis and was shown to be unaltered when comparing Nanoclay particles with 
phosphite-loaded Nanoclay particles. Figure 2.2 and Figure 2.3 (below) are TEM images 
of Nanoclay particles and phosphite-loaded Nanoclay particles, respectively. 
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Figure 2.2: Nanoclay particle Transmission Electron Microscopy (TEM). 
Approximate size of particles is 30 nm. To examine the Nanoclay under JEOL 2100 
transmission electron microscope (TEM) (JOEL Ltd., Tokyo, Japan) it was sonicated in 
60% ethanol. Ten µl of the suspension was then loaded on to a copper grid (ProSciTech, 
Qld, Australia) and was allowed to dry at room temperature before imaging the grid at 200 
kV. Top left insert present in image is an enlarged view of one of the Nanoclay particles.  
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Figure 2.3: Phosphite-loaded Nanoclay Transmission Electron Microscopy. Average 
particle size is 30 nm. To examine the Nanoclay under JEOL 2100 transmission electron 
microscope (TEM) (JOEL Ltd., Tokyo, Japan) it was sonicated in 60% ethanol. Ten µl of 
the suspension was then loaded on to a copper grid (ProSciTech, Qld, Australia) and was 
allowed to dry at room temperature before imaging the grid at 200 kV.  
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3 Results & Discussion  
3.1 Introduction 
The aim of the research conducted was to investigate the role of layered double 
hydroxide nanosheet particles (Nanoclay) as a novel agrochemical delivery vehicle in 
plants. Nanoclay was investigated due to routine agricultural practices relying heavily on 
the use of surfactants to deliver pesticides and herbicides to crops; these 
pesticides/herbicides are toxic to humans and harmful to the environment (Castro, Ojeda 
& Cirelli 2014b). Around 230,000 tonnes of surfactants are used annually in agrochemical 
products, with a formulation typically containing 1 – 10% of one or more surfactants 
(Edser 2007). It is well known that surfactants play an important role in improving the 
efficacy of pesticides and herbicides, for example, acting as a plasticizer surfactants can 
soften the crystalline waxes in leaf cuticles and thus increase the mobility of agrochemicals 
across the cuticular membrane (Schönherr, Baur & Uhlig 2000). Surfactants and other 
adjuvants can assist the action of agrochemicals in a multitude of ways however some have 
been shown to negatively alter soil properties (Ying 2006), exhibit toxicity toward 
microorganisms, aquatic plants and aquatic invertebrates (Cserháti, Forgács & Oros 2002) 
as well as exhibiting toxicity towards species of fish and other aquatic vertebrates 
(Liwarska-Bizukojc et al. 2005; Singh et al. 2002). 
 
3.2 Toxicity of Nanoclay to plant cells 
In order to investigate the role of Nanoclay as an agrochemical/biomolecule 
delivery vehicle in plants its toxicity profile regarding plants had to first be determined. 
Preliminary experiments focussed on the effects of Nanoclay in solution on isolated A. 
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thaliana mesophyll protoplasts in solution. Plant protoplasts are plant cells with an intact 
cell membrane, but which have been stripped of their cell wall and were first studied more 
than 50 years ago in order to observe cellular processes such as cell wall synthesis, cell 
division, embryogenesis, photosynthetic activity and calcium signalling (Yoo, Cho & 
Sheen 2007). Protoplasts were isolated from mesophyll tissue of A. thaliana plants as 
described in 2.5 and were subjected to varying concentrations of Nanoclay solution 
treatment in order to observe for signs of cellular damage. Healthy protoplasts with intact 
cellular membranes can be observed in Figure 3.1 (0%). In contrast, Figure 3.1 (1.0%) 
and (0.5%) show protoplasts combined with solutions of Nanoclay at 1% (w/v) and 0.5% 
(w/v), respectively. It can be seen from the microscopic images that the two higher 
concentrations of nanoclay solution tested resulted in some cellular damage, as is 
demonstrated by the cellular debris visible around some of the intact protoplasts remaining. 
Figure 3.1 (0.1%) and (0.05%) display protoplast solutions combined with nanoclay 
solutions of concentration 0.1% (w/v) and 0.05% (w/v), respectively. It was observed that 
at the lower concentrations of Nanoclay, cellular damage occurred at a greatly diminished 
magnitude with very little cellular debris found throughout samples and many protoplasts 
remaining intact with unbroken membranes. The findings of the preliminary experiments 
showed that at upper concentrations Nanoclay will exhibit toxicity towards plant 
protoplasts, however at lower concentrations it is tolerated by protoplasts and therefore 
could be explored further as a biomolecule delivery vehicle in plants.  
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Figure 3.1: A. thaliana mesophyll protoplast & Nanoclay microscopy. (Left to right) A. thaliana mesophyll protoplasts (control), A. thaliana 
mesophyll protoplasts + Nanoclay solution 1% (w/v), A. thaliana mesophyll protoplasts + Nanoclay solution 0.5% (w/v), A. thaliana mesophyll 
protoplasts + Nanoclay solution 0.1% (w/v), A. thaliana mesophyll protoplasts + Nanoclay solution 0.05% (w/v) (Brightfield 400X mag.).  All 
images were captured 15 minutes post-addition of Nanoclay solution to protoplast solution.  
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3.3 Toxicity of sodium phosphite to P. cinnamomi  
Due to the increasing demand for novel methods of increasing agricultural crop 
production rates and preventing crop yield loss (El-Sharkawy 2016; Godfray et al. 2010; 
Tilman et al. 2011), the research aimed to investigate the effectiveness of phosphite-loaded 
Nanoclay in combating P. cinnamomi infection. The oomycete phytopathogen is well 
known to severely negatively impact biodiversity in any ecosystem it is found by 
systematically infecting and killing off susceptible plant species (Allardyce, Rookes & 
Cahill 2012; Cahill et al. 2008; Drenth & Guest 2004). Sodium phosphite is well 
established as an antifungal agent and its potential in controlling P. cinnamomi spread and 
infection has been explored thoroughly (Aberton, Wilson & Cahill 1999; Hardy 2000; 
Hardy, Barrett & Shearer 2001; Jackson et al. 2000). The research aimed to determine an 
effective dose range for sodium phosphite against P. cinnamomi mycelium growth in vitro 
and this was achieved via preliminary toxicity assays as described in 2.9. It can be seen 
from the data presented in Figure 3.2, which demonstrates the effect sodium phosphite has 
on P. cinnamomi mycelium growth; that the pathogen and the concentration of the 
fungicide share a negative correlation i.e. as the concentration of sodium phosphite 
increases, the size of mycelium growth decreases. When sodium phosphite was present at 
concentrations 0.40% (w/v), 0.60% (w/), 0.80% (w/v) & 1.0% (w/v) the P. cinnamomi 
mycelium growth (cm) was statistically significantly different (two sided students t-test, 
P-value <0.05) when compared to the UTC, across all time points observed. There was no 
statistically significant difference (two sided students t-test, P-value >0.05) between 
mycelium growth (cm) of the UTC group and dH2O treatment group, across all time points 
tested, indicating that any changes observed in mycelium growth within the sodium 
phosphite treatment groups were not due to the presence of a moist sterile filter paper disc. 
A statistically significant difference (two sided students t-test, P-value <0.05) was 
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observed between the sodium phosphite 0.20% (w/v) and the sodium phosphite 1.0% (w/v) 
treatment groups, across all time points observed, indicating that the response of P. 
cinnamomi to sodium phosphite is dose-dependent. Figure 3.3 reinforces this notion, as 
the negative correlation between mycelium growth (cm) of P. cinnamomi and sodium 
phosphite concentration is again demonstrated. When sodium phosphite was present at 
concentrations 2.0% (w/v), 4.0% (w/), 6.0% (w/v), 8.0% (w/v) & 10.0% (w/v) the P. 
cinnamomi mycelium growth (cm) was statistically significantly different (two sided 
students t-test, P-value <0.05) when compared to the UTC, across all time points observed. 
There was also no statistically significant difference (two sided students t-test, P-value 
>0.05) between mycelium growth (cm) of the UTC group and dH2O treatment group, 
across all time points tested except for; time point (B) (two sided students t-test, P-value 
<0.05). This again strongly indicates that any changes observed in mycelium growth 
within the sodium phosphite treatment groups were not due to the presence of a moist 
sterile filter paper disc. A statistically significant difference (two sided students t-test, P-
value <0.05) was observed between the sodium phosphite 2.0% (w/v) and the sodium 
phosphite 10.0% (w/v) treatment groups, across all time points observed, indicating again 
that the response of P. cinnamomi to sodium phosphite is dose-dependent. 
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Figure 3.2: P. cinnamomi & sodium phosphite dose range assay [0.20% - 1.0% (w/v)]. 
Graphs comparing the mean average values (five biological replicates) for P. cinnamomi 
mycelium growth (cm) towards a sterile filter paper disc pre-soaked in sodium phosphite 
solutions of varying concentration [%(w/v)] at; (A) three days post-inoculation, (B) four 
days post-inoculation, (C) five days post-inoculation and (D) six days post inoculation. 
Mean averages were recorded three days post-inoculation of agar plates with P. cinnamomi 
and every 24 hours after until the sixth day post-inoculation. Error bars represent standard 
error of the mean. The UTC group mean average was not statistically significantly different 
from the dH2O treatment group mean average (two sided students t-test, P-value >0.05) 
across all time points tested. The UTC group mean average was statistically significantly 
different from the sodium phosphite 0.2% group mean average (two sided students t-test, 
P value <0.05) at time point (B), however at all other time points tested there was no 
statistically significant difference between the two treatment group mean averages ( two 
sided students t-test, P-value >0.05). The UTC group mean average was statistically 
significantly different from each of the remaining sodium phosphite treatment group mean 
averages (two sided students t-test, P-value <0.05) across all time points tested. The 
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sodium phosphite 0.2% (w/v) treatment group mean average was statistically significantly 
different from the sodium phosphite 1.0% (w/v) treatment group mean average (two sided 
students t-test, P value <0.05) across all time points tested. 
 
Figure 3.3: P. cinnamomi & sodium phosphite dose range assay [2.0% - 10.0% (w/v)]. 
Graphs comparing the mean average values (five biological replicates) for P. cinnamomi 
mycelium growth (cm) towards a sterile filter paper disc pre-soaked in sodium phosphite 
solutions of varying concentration [%(w/v)] at; (A) three days post-inoculation, (B) four 
days post-inoculation, (C) five days post-inoculation and (D) six days post inoculation. 
Mean averages were recorded three days post-inoculation of agar plates with P. cinnamomi 
and every 24 hours after until the sixth day post-inoculation. Error bars represent standard 
error of the mean. The UTC group mean average was not statistically significantly different 
from the dH2O treatment group mean average (two sided students t-test, P-value >0.05) 
across all time points tested, except for (B) (two sided students t-test, P-value <0.05). The 
UTC group mean average was statistically significantly different from each sodium 
phosphite treatment group mean average (two sided students t-test, P value <0.05) across 
all time points tested. The sodium phosphite 2.0% (w/v) treatment group mean average 
35 
 
was statistically significantly different from the sodium phosphite 10.0% (w/v) treatment 
group mean average (two sided students t-test, P value <0.05) across all time points tested. 
 
3.4 Toxicity of phosphite-loaded Nanoclay to P. cinnamomi  
Following observation of the aforementioned dose ranges for sodium phosphite 
versus P. cinnamomi mycelium growth, the research aimed to determine whether or not 
Nanoclay would impact growth of the oomycete pathogen in vitro. In addition to this, the 
research aimed to explore any differences between in vitro effectiveness of sodium 
phosphite versus phosphite-loaded Nanoclay treatment groups. These aims were achieved 
through preliminary toxicity assays as described in 2.10. It is again shown that when 
sodium phosphite was present at concentrations 2.0% (w/v), 6.0% (w/v) & 10.0% (w/v) 
the P. cinnamomi mycelium growth (cm) was statistically significantly different (two sided 
students t-test, P-value <0.05) when compared to the UTC, across all time points observed. 
It was found that no statistically significant difference (two sided students t-test, P-value 
>0.05) existed between the mean average mycelium growth (cm) of the UTC group and 
the Nanoclay treatment group across all time points tested, except for; Nanoclay 2% (w/v) 
treatment group at time point (B) (two sided students t-test, P-value <0.05). Contrary to 
the expected outcome, mean average mycelium growth (cm) of the phosphite-loaded 
Nanoclay treatment groups showed no statistically significant difference (two sided 
students t-test, P-value >0.05) to the UTC group, except for; phosphite-loaded Nanoclay 
6% (w/v) at time point (A) (two sided students t-test, P-value <0.05), and phosphite-loaded 
Nanoclay 10% (w/v) at time point (B) (two sided students t-test, P-value <0.05). When 
comparing a solution of sodium phosphite with a solution of phosphite-loaded Nanoclay 
at identical concentrations, the solution containing sodium phosphite only will inherently 
contain a greater total quantity of phosphite. Given that previous toxicity assays have 
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demonstrated the dose-dependent effectiveness of sodium phosphite against P. cinnamomi, 
the results shown in Figure 3.4 are actually consistent with this notion. 
 
Figure 3.4: P. cinnamomi & phosphite-loaded Nanoclay dose range assay [2.0% - 
10.0% (w/v)]. Graphs comparing the mean average values (five biological replicates) for 
P. cinnamomi mycelium growth (cm) towards a sterile filter paper disc pre-soaked in 
sodium phosphite, Nanoclay & phosphite-loaded Nanoclay solutions of varying 
37 
 
concentration [%(w/v)] at; (A) three days post-inoculation and (B) six days post-
inoculation. Mean averages were recorded three days post-inoculation of agar plates with 
P. cinnamomi and on the sixth day post-inoculation. Error bars represent standard error of 
the mean. The UTC group mean average was statistically significantly different from the 
dH2O treatment group mean average (two sided students t-test, P-value <0.05) across all 
time points tested. The UTC group mean average was statistically significantly different 
from each sodium phosphite treatment group mean average (two sided students t-test, P 
value <0.05) across all time points tested. The UTC group mean average consistently 
showed no statistically significant difference to each Nanoclay treatment group mean 
average (two sided students t-test, P value >0.05) across all time points tested except for; 
Nanoclay 2% (w/v) treatment group at time point (B) (two sided students t-test, P-value 
<0.05). The UTC group mean average showed no statistically significant differences from 
the phosphite-loaded Nanoclay treatment group mean averages (two sided students t-test, 
P value >0.05) except for; phosphite-loaded Nanoclay 6% (w/v) treatment group at time 
point (A) (two sided students t-test, P-value <0.05), and phosphite-loaded Nanoclay 10% 
(w/v) treatment group at time point (B) (two sided students t-test, P-value <0.05).   
With the preliminary toxicity dose range plate assays completed, the research 
aimed to extend investigation of Nanoclay to the in planta level. In order to do so, the chief 
infectious agents of P. cinnamomi, zoospores, were produced according to the method 
described in 2.16. The zoospores produced via this method were used to inoculate L. 
angustifolius plant roots which had received foliage-application spray treatments (sodium 
phosphite, Nanoclay & phosphite-loaded Nanoclay) 24 hours prior. Figure 3.5 is a 
microscopic image detailing the hyphae and asexual reproductive structures, sporangia, of 
P. cinnamomi. Under favourable conditions (temperature, moisture) these sporangia will 
produce and release zoospores into the surrounding environment (Weste & Marks 1987). 
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This process is outlined in Figure 3.6 which illustrates the release of zoospores in a time 
skip fashion (four minutes real time). After determining the presence of zoospores and 
using them to inoculate L. angustifolius plants; the effects of sodium phosphite, Nanoclay 
and phosphite-loaded Nanoclay foliage-application spray treatments, on the root length 
and lesion length of both uninfected and infected plants could be observed.  
 
 
Figure 3.5: P. cinnamomi hyphae and associated sporangia (microscopy). Microscopic 
image of P. cinnamomi asexual reproductive structures (sporangia) present on branching 
hyphae (Brightfield 100X mag.). 
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Figure 3.6: Zoospore release from sporangia of P. cinnamomi (microscopy). Series of 
microscopic images demonstrating the process of zoospore release from the sporangia of 
P. cinnamomi (Brightfield, 100X mag.).  
 
3.5 Potential of phosphite-loaded Nanoclay as a biomolecule delivery 
vehicle in plants   
Root length and lesion length were selected as parameters to determine overall 
plant health as they are widely recognised as reliable indicators of the state of a given 
plant’s health status (Islam, Rookes & Cahill 2017; Jackson et al. 2000). The data 
represented in Figure 3.7 shows that in L. angustifolius plants which have not been 
inoculated by the pathogen, the various foliage-application spray treatment groups showed 
no statistically significant differences in mean average root length (cm) when compared to 
the UTC and to each other (two sided students t-test, P-value >0.05), across all time points 
observed. There being no major difference in root length between treatments was the 
40 
 
expected outcome as phosphite is already widely used as a fungicide (Smillie, Grant & 
Guest 1989) with a well-documented phytotoxicity profile (Barrett, Sheare & Hardy 2004; 
Pilbeam et al. 2000) and nanoclay had exhibited low toxicity toward plant cells in 
preliminary toxicity assays. It is also shown in Figure 3.7 that in L. angustifolius plants 
inoculated by P. cinnamomi zoospores, the various foliage-application spray treatment 
groups caused statistically significant differences in mean average root length (cm) when 
compared to the UTC, P. cinnamomi control and to each other (two sided students t-test, 
P-value <0.05). As sodium phosphite has been proven to control the growth of P. 
cinnamomi to a degree (Eshraghi et al. 2014) it was expected that the sodium phosphite 
and the phosphite-loaded Nanoclay spray treatment groups would exhibit a major 
difference in root length when compared to the UTC group and the P. cinnamomi control 
group. The unexpected outcome from the data shown in Figure 3.7 was that the phosphite-
loaded Nanoclay treatment group on average exhibited longer root length than the sodium 
phosphite treatment group. The data represented in Figure 3.8 shows that in L. 
angustifolius plants inoculated by P. cinnamomi zoospores, the mean average lesion length 
was not statistically significantly different between the P. cinnamomi control group and 
the Nanoclay treatment group (two sided students t-test P-value >0.05). It is also shown 
that there is no statistically significant difference in P. cinnamomi lesion length between 
the sodium phosphite and phosphite-loaded Nanoclay treatment groups (two sided students 
t-test, P-value >0.05). The last important piece of information conveyed by Figure 3.8 is 
that there is a statistically significant difference in mean lesion length between treatment 
groups (a) & (c) versus groups (b) & (d) (two sided students t-test, P-value <0.05), across 
all time points observed. The severely diminished P. cinnamomi lesion lengths observed 
in treatment groups (b) & (d) of Figure 3.8 were likely due to the well-documented action 
of phosphite (Eshraghi et al. 2014; Hardy 2000) against P. cinnamomi in planta. Treatment 
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groups (b) & (d) displayed no major differences in mean average lesion length between 
each other, however both of these groups were majorly different from treatment groups (a) 
& (c), strongly reinforcing the notion that phosphite (the active ingredient) is released 
gradually from an LDH-HPO3 conjugate. This notion is described by Bernardo et al. 
(2018) regarding the release of phosphate [PO4]
-3 from LDH nanoparticle structures into 
the surrounding environment for the purpose of long-term soil fertilisation. The data 
represented in Figure 3.9 shows that in L. angustifolius plants inoculated by P. cinnamomi 
zoospores, the mean average percentage (%) lesion length was not statistically 
significantly different between the P. cinnamomi control group and the Nanoclay treatment 
group (two sided students t-test P-value >0.05). It can also be seen that there is no 
statistically significant difference in P. cinnamomi mean average percentage (%) lesion 
length between the sodium phosphite and phosphite-loaded Nanoclay treatment groups 
(two sided students t-test, P-value >0.05). Consistent with Figure 3.8, the final crucial 
piece of information conveyed by Figure 3.9 is that there is a statistically significant 
difference in mean average percentage (%) lesion length between treatment groups (a) & 
(c) versus groups (b) & (d) (two sided students t-test, P-value <0.05), across all time points 
observed. Treatment groups (b) & (d) displayed no major differences in mean average 
percentage (%) lesion length between each other, however both of these groups were 
majorly different from treatment groups (a) & (c), strongly reinforcing the notion again 
that phosphite (the active ingredient) is released gradually from an LDH-HPO3 conjugate. 
The results obtained are consistent with the findings of Mitter et al. (2017) regarding the 
notion of gradual release of an active ingredient from an LDH-conjugate into the 
surrounding environment. 
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Figure 3.7: L. angustifolius mean average root length. Graph comparing mean average root length of (a) L. angustifolius plants (control) with 
plants under the different spray-application treatments of (b) sodium phosphite, (c) Nanoclay & (d) phosphite-loaded Nanoclay. These are 
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compared with plants subject to identical spray treatments after inoculation by P. 
cinnamomi zoospores, hence; (e) PC, (f) PC + Na2HPO3-, (g) PC + Nanoclay & (h) PC + 
NC/Na2HPO3, (PC = P. cinnamomi) over the course of five days beginning at 24 hours 
post-inoculation. Photographs of the plants were analysed via image analysis software 
(ImageJ) in order to measure root lengths. All measurements shown are mean averages 
from three separate experimental replicates, each consisting of 12 biological replicates. 
Error bars represent the standard error of the mean for each treatment group consisting of 
36 biological replicates. The (a) UTC group mean average showed no statistically 
significant difference from the mean averages of (b) sodium phosphite treatment group, 
(c) Nanoclay treatment group and (d) phosphite-loaded nanoclay treatment group (two 
sided students t-test, P-value >0.05) across all time points tested. The (a) UTC group mean 
average was statistically significantly different from the mean averages of (e) P. 
cinnamomi treatment group, (f) P. cinnamomi & sodium phosphite treatment group, (g) P. 
cinnamomi & Nanoclay treatment group and (h) P. cinnamomi & phosphite-loaded 
Nanoclay treatment group (two sided students t-test, P-value <0.05) across all time points 
tested except for; (g) P. cinnamomi & Nanoclay treatment group at the first two time points 
only (two sided students t-test, P-value >0.05).  
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Figure 3.8: L. angustifolius mean average lesion length. Graph comparing mean average 
lesion length of (a) L. angustifolius plant roots inoculated by P. cinnamomi zoospores 
(control) with plants under the different spray-application treatments of (b) sodium 
phosphite, (c) Nanoclay & (d) phosphite-loaded Nanoclay over the course of five days, 
beginning at 24 hours post-inoculation (PC = P. cinnamomi). Photographs of the plants 
were analysed via image analysis software (ImageJ) in order to measure lesion lengths. All 
measurements shown are mean averages from three separate experimental replicates, each 
consisting of 12 biological replicates. Error bars represent the standard error of the mean 
for each treatment group consisting of 36 biological replicates. Lowercase letters above 
bars represent statistically significant difference; identical letters depict no statistically 
significant difference between groups (two sided students t-test, P-value >0.05), differing 
letters depict statistically significant difference between groups (two sided students t-test, 
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P-value <0.05). The (a) P. cinnamomi treatment group (control) mean average was not 
statistically significantly different from the mean average of (c) P. cinnamomi & Nanoclay 
treatment group (two sided students t-test, P-value >0.05) across all time points tested. The 
(a) P. cinnamomi treatment group (control) mean average was statistically significantly 
different from the mean average of (b) P. cinnamomi & sodium phosphite treatment group 
& (d) P. cinnamomi & phosphite-loaded Nanoclay treatment group (two sided students t-
test, P-value <0.05) across all time points tested. 
 
 
 
Figure 3.9: L. angustifolius mean average percentage (%) lesion length. Graph 
comparing mean average percentage lesion length of (a) L. angustifolius plant roots 
inoculated by P. cinnamomi zoospores (control) with plants under the different spray-
application treatments of (b) sodium phosphite, (c) Nanoclay & (d) phosphite-loaded 
Nanoclay over the course of five days, beginning at 24 hours post-inoculation (PC = P. 
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cinnamomi). Photographs of the plants were analysed via image analysis software (ImageJ) 
in order to measure root lengths and lesion lengths. All measurements shown are mean 
averages from three separate experimental replicates, each consisting of 12 biological 
replicates. Error bars represent the standard error of the mean for each treatment group 
consisting of 36 biological replicates. Lowercase letters above bars represent statistically 
significant difference; identical letters depict no statistically significant difference between 
groups (two sided students t-test, P-value >0.05), differing letters depict statistically 
significant difference between groups (two sided students t-test, P-value <0.05). The (a) 
P. cinnamomi treatment group (control) mean average was not statistically significantly 
different from the mean average of (c) P. cinnamomi & Nanoclay treatment group (two 
sided students t-test, P-value >0.05) across all time points tested. The (a) P. cinnamomi 
treatment group (control) mean average was statistically significantly different from the 
mean average of (b) P. cinnamomi & sodium phosphite treatment group and (d) P. 
cinnamomi & phosphite-loaded Nanoclay treatment group (two sided students t-test, P-
value <0.05) across all time points tested. 
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Figure 3.10: Comparison of L. angustifolius treatment groups. SPS trays were opened 
to reveal root systems of L. angustifolius plants. (A) UTC group, (B) P. cinnamomi control 
group, (C) P. cinnamomi & Nanoclay treatment group, (D) P. cinnamomi & sodium 
phosphite treatment group, (E) P. cinnamomi & phosphite-loaded Nanoclay treatment 
group. Necrotic lesions due to P. cinnamomi infection are indicated by orange arrows in 
(B) above.
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4 Conclusions & Prospects for Future Work 
The aims of the presented research were to observe plant-pathogen interactions 
between L. angustifolius and P. cinnamomi focussing on the potential of an LDH-
phosphite conjugate in controlling P. cinnamomi infection and disease progression. The 
major aims were achieved via utilisation of a soil-free plant growth system in combination 
with image analysis software. It was found that on its own phosphite interacted with L. 
angustifolius and P. cinnamomi as expected according to the literature (Wilkinson et al. 
2001), limiting the spread of P. cinnamomi without completely eradicating it. Nanoclay-
only treatments did not show any effect in controlling P. cinnamomi spread however also 
displayed no phytotoxicity towards plants. The LDH-phosphite conjugate treatment was 
nearly identical to sodium phosphite treatment regarding effectiveness in control of P. 
cinnamomi infection and spread within L. angustifolius plants. This major finding of the 
research presented ties in with the work of others (Bernardo et al. 2018; Mitter et al. 2017) 
reinforcing the notion that a pre-loaded agrochemical/biochemical is gradually released 
from an LDH-conjugate into the surrounding environment. Regarding the endeavour for 
suitable replacements to current agrochemical surfactants, these findings suggest that 
further investigation into Nanoclay particle field trials represent a worthy direction for 
future research due to their; functionality as an agrochemical/biomolecule delivery vehicle, 
slow-release properties and proven biodegradability.  
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5 Appendix 
5.1 MS media (1 L) 
Reagent Quantity 
Murashige and Skoog Basal medium 
(Sigma-Aldrich, Sydney, NSW, Australia) 
4.4 g 
Sucrose (Sigma-Aldrich, Sydney, NSW, 
Australia) 
30 g 
Bacteriological Agar (Sigma-Aldrich, 
Sydney, NSW, Australia) 
8 g 
dH2O 1 L 
 
5.2 Sterilisation solution (1 mL) 
Reagent Quantity 
Hydrogen peroxide (Sigma-Aldrich, 
Sydney, NSW, Australia) 
50 µL 
Ethanol 80% (w/v) 500 µL 
Sterile dH2O (autoclaved) 450 µL 
 
5.3 Bacteriological Agar 0.3% (w/v) (50 mL) 
Reagent Quantity 
Bacteriological Agar 150 mg 
dH2O 50 mL 
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5.4 Enzyme solution (10 mL) 
Reagent Quantity 
Cellulase “Onozuka” R10 (SERVA 
Electrophoresis GmbH, Heidelberg, 
Germany) 
150 mg 
Macerozyme R10 (Yakult Honsha, Tokyo, 
Japan) 
40 mg 
Mannitol stock solution (0.8M) 5 mL 
KCl stock solution (2M) 100 µL 
MES stock solution (0.2M) 1 mL 
Heat solution in water bath at 55 ºC for 10 
enhance enzyme solubility) and allow to cool  
minutes (to inactivate proteases and 
to room temperature before adding 
remaining reagents 
CaCl2 stock solution (1M) 100 µL 
β-mercaptoethanol (Sigma-Aldrich, Sydney, 
NSW, Australia) 
50 µL 
BSA stock solution 10% (w/v) 100 µL 
dH2O 3.65 mL 
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5.5 W5 solution (10 mL) 
Reagent Quantity 
NaCl stock solution (1M) 1.54 mL 
CaCl2 stock solution (1M) 1.25 mL 
KCl stock solution (2M) 25 µL 
MES stock solution (0.2M) 100 µL 
dH2O 7.085 mL 
 
5.6 MMg solution (10 mL) 
Reagent Quantity 
Mannitol stock solution (0.8M) 5 mL 
MgCl2 stock solution (1M) 150 µL 
MES stock solution (0.2M) 200 µL 
dH2O 4.65 mL 
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5.7 Nanoclay solutions (5 mL each) 
Nanoclay solution Reagent Quantity 
Nanoclay solution 2% (w/v) 
Nanoclay (Deakin University, 
Geelong, VIC, Australia) 
100 mg 
 MMg solution 5 mL 
   
Nanoclay solution 1% (w/v) Nanoclay 50 mg 
 MMg solution 5 mL 
   
Nanoclay solution 0.2% (w/v) Nanoclay 10 mg 
 MMg solution 5 mL 
   
Nanoclay solution 0.1% (w/v) Nanoclay 5 mg 
 MMg solution 5 mL 
 
5.8 10% CV8 agar medium (1 L) 
Reagent Quantity 
V8 Vegetable juice (Campbell’s Soups 
Australia, Lemnos, Victoria) 
150 mL 
Calcium carbonate (CaCO3) (Sigma-
Aldrich, Sydney, NSW, Australia) 
1.5 g 
Bacteriological agar 15 g 
dH2O 900 mL 
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5.9 Na2HPO3 stock solution 1% (w/v) (100 mL) 
Reagent Quantity 
Na2HPO3 •5H2O (Sigma-Aldrich, Sydney, 
NSW, Australia) 
1 g 
dH2O 100 mL  
 
5.10 Na2HPO3 dilution solutions (5 mL each) 
Dilution solution Reagent Quantity 
Na2HPO3 1% (w/v) Na2HPO3 stock solution 1% 5 mL 
 Sterile dH2O (autoclaved) 0 mL 
   
Na2HPO3 0.8% (w/v) Na2HPO3 stock solution 1% 4 mL 
 Sterile dH2O (autoclaved) 1 mL 
   
Na2HPO3 0.6% (w/v) Na2HPO3 stock solution 1% 3 mL 
 Sterile dH2O (autoclaved) 2 mL 
   
Na2HPO3 0.4% (w/v) Na2HPO3 stock solution 1% 2 mL 
 Sterile dH2O (autoclaved) 3 mL 
   
Na2HPO3 0.2% (w/v) Na2HPO3 stock solution 1% 1 mL 
 Sterile dH2O (autoclaved) 4 mL 
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5.11 Na2HPO3 stock solution 10% (w/v) (100 mL) 
Reagent Quantity 
Na2HPO3 •5H2O 10 g 
dH2O 100 mL  
 
5.12 Na2HPO3 dilution solutions (5 mL each) 
Dilution solution Reagent Quantity 
Na2HPO3 10% (w/v) Na2HPO3 stock solution 10% 5 mL 
 Sterile dH2O (autoclaved) 0 mL 
   
Na2HPO3 8% (w/v) Na2HPO3 stock solution 10% 4 mL 
 Sterile dH2O (autoclaved) 1 mL 
   
Na2HPO3 6% (w/v) Na2HPO3 stock solution 10% 3 mL 
 Sterile dH2O (autoclaved) 2 mL 
   
Na2HPO3 4% (w/v) Na2HPO3 stock solution 10% 2 mL 
 Sterile dH2O (autoclaved) 3 mL 
   
Na2HPO3 2% (w/v) Na2HPO3 stock solution 10% 1 mL 
 Sterile dH2O (autoclaved) 4 mL 
 
 
 
55 
 
5.13 Na2HPO3 dilution solutions (5 mL each) 
Dilution solution Reagent Quantity 
Na2HPO3 10% (w/v) Na2HPO3 stock solution 10% 5 mL 
 Sterile dH2O (autoclaved) 0 mL 
   
Na2HPO3 6% (w/v) Na2HPO3 stock solution 10% 3 mL 
 Sterile dH2O (autoclaved) 2 mL 
   
Na2HPO3 2% (w/v) Na2HPO3 stock solution 10% 1 mL 
 Sterile dH2O (autoclaved) 4 mL 
 
5.14 Nanoclay solutions (5 mL each) 
Nanoclay solution Reagent Quantity 
Nanoclay solution 2% (w/v) Nanoclay 100 mg 
 Sterile dH2O (autoclaved) 5 mL 
   
Nanoclay solution 6% (w/v) Nanoclay 300 mg 
 Sterile dH2O (autoclaved) 5 mL 
   
Nanoclay solution 10% (w/v) Nanoclay 500 mg 
 Sterile dH2O (autoclaved) 5 mL 
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5.15 Phosphite-loaded Nanoclay [NC(HPO3)] solutions (5 mL each) 
Phosphite-loaded Nanoclay 
solution 
Reagent Quantity 
Phosphite-loaded Nanoclay 
solution 2% (w/v) 
NC(HPO3) (Deakin University, 
Geelong, VIC, Australia) 
100 mg 
 Sterile dH2O (autoclaved) 5 mL 
   
Phosphite-loaded Nanoclay 
solution 6% (w/v) 
NC(HPO3) 
300 mg 
 Sterile dH2O (autoclaved) 5 mL 
   
Phosphite-loaded Nanoclay 
solution 10% (w/v) 
NC(HPO3) 
500 mg 
 Sterile dH2O (autoclaved) 5 mL 
 
5.16 Sodium phosphite (Na2HPO3) solution  2% (w/v) (25 mL) 
Reagent Quantity 
Na2HPO3 •5H2O 500 mg 
dH2O 25 mL  
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5.17 Nanoclay solution 2% (w/v) (25 mL) 
Reagent Quantity 
Nanoclay 500 mg 
dH2O  25 mL 
 
5.18 Phosphite-loaded Nanoclay [NC(HPO3)] solution 2% (w/v) (25 
mL) 
Reagent Quantity 
NC(HPO3) 500 mg 
dH2O  25 mL 
 
5.19 5% CV8 broth (1 L) 
Reagent Quantity 
V8 Vegetable juice  150 mL 
Calcium carbonate (CaCO3) 1.5 g 
dH2O 950 mL 
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5.20 Mineral salts solution (MSS) (1 L) 
Reagent Quantity 
Calcium nitrate tetrahydrate [Ca(NO3)2 • 
4H2O] (Sigma-Aldrich, Sydney, NSW, 
Australia) 
3.08 g 
Magnesium sulphate heptahydrate [MgSO4 • 
7H2O] (Sigma-Aldrich, Sydney, NSW, 
Australia) 
1.49 g 
Potassium nitrate [KNO3] (Sigma-Aldrich, 
Sydney, NSW, Australia) 
0.51 g 
dH2O 1 L  
 
5.21 Chelated iron solution (50 mL) 
Reagent Quantity 
EDTA Disodium salt (Sigma-Aldrich, 
Sydney, NSW, Australia) 
0.625 g 
Iron sulphate heptahydrate [FeSO4 • 7H2O] 
(Sigma-Aldrich, Sydney, NSW, Australia) 
1.245 g 
Potassium hydroxide [KOH] (Sigma-
Aldrich, Sydney, NSW, Australia) 
0.375 g 
Sterile dH2O (autoclaved) 50 mL 
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